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The Transfer of Left-Right Positional Information
during Chick Embryogenesis
asymmetric pattern of Shh is correctly reproduced in
the regenerated nodes. Thus, either the cells surround-
ing the node carry L-R positional information that is
Sylvia M. PagaÂ n-Westphal and Clifford J. Tabin*
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Harvard Medical School
maintained as they form the new node, or such informa-Boston, Massachusetts 02115
tion is correctly established de novo during the process
of node formation.
Once asymmetric Shh expression is established in theSummary
chick embryo, it appears to trigger a molecular cascade
that is responsible for later L-R morphological differ-The earliest known left-right asymmetric genes are
ences. Ectopic placement of Shh protein on the rightexpressed at Hensen'snode during chick gastrulation.
side of the node results in the subsequent right-sidedGene expression following reorientation of the node
induction of nodal (formerly called c-NR1), a gene thatshows asymmetry is instructed by adjacent tissue,
is normally expressed exclusively in the left lateral platehence left-right information originates outside the
mesoderm (LPM) (Levin et al., 1995). Several studiesnode. Subsequently, the node signals back to the lat-
have shown that the expression pattern of nodal stronglyeral tissue, initiating a cascade leading to left-sided
correlates with visceral situs: left-sided expression cor-expression of nodal in the lateral plate mesoderm.
relates with normal situs, bilaterally symmetrical expres-Loss of nodal expression in the presence of blocking
sion correlates with randomized situs, and right-sidedantibodies confirms that Sonic hedgehog is the key
expression correlates with inverted situs (Levin et al.,signal conveying left-right information from the node;
1995, 1997; Collignon et al., 1996; Lowe et al., 1996;however, manipulation of explant cultures suggests
Heymer et al., 1997; Lohr et al., 1997; Nascone andthat the induction of nodal requires secondary signals
Marcola, 1997; Sampath et al., 1997). nodal encodes aproduced in the paraxial mesoderm. These experi-
secreted factor that is a member of the TGFb family,ments establish the time of action of these signals
and its expression domain is broad enough that it could,to and from Hensen's node in establishing left-right
in principle, directly influence the morphogenesis ofasymmetry.
asymmetric organs. Moreover, misexpression of nodal
in the chick (Levin et al., 1997) or of Xnr-1 (a XenopusIntroduction
homolog of nodal) in the frog (Sampath et al., 1997)
randomizes the position of the heart and viscera.A striking property of the vertebrate mediolateral axis
nodal is asymmetrically expressed in a similar patternis that many organs arise asymmetrically, in shape and
in all species analyzed so far (chick, mouse, and Xeno-position, depending on whether the cells that form them
pus). This suggests that L-R asymmetric positional infor-are localized on the left or right side of the midline.
mation is transmitted to developing tissues in a con-However, until recently there were no genes known to
served manner, with the late phase of asymmetric gene
be expressed asymmetrically in the right and left halves
expression in the LPM probably being common to all
of the mediolateral axis prior to overt differentiation of
vertebrates. In contrast, none of the genes reported
asymmetric structures, and therefore little progress was
as being asymmetric in the chick during gastrulation,
made in understanding how left-right (L-R) differences
including Shh, is L-R asymmetric in any other species
were established.
examined. Moreover, mice carrying targeted mutations
In the last few years, a number of genes have been
in these genes (Shh, HNF3b, cActRIIa, and Act-bB) do
reported that are expressed in an L-R asymmetric fash- not exhibit any situs defects (Weinstein et al., 1994;
ion in chick, mouse, and Xenopus embryos (for reviews,
Matzuk et al., 1995; Chiang et al., 1996). This would
see King and Brown, 1997; Levin, 1997). One of the
suggest that the early phase, when L-R positional differ-
earliest described asymmetric markers is Sonic hedge-
ences are first established across the mediolateral axis,
hog (Shh), a secreted factor that, in the chick, is ex- may not be well conserved. However, an important dif-
pressed at gastrulation stages exclusively on the left ference between the chick and the mouse is that Shh
side of Hensen's node (Levin et al., 1995). in the chick is, in fact, asymmetric in its expression. A
Since Hensen's node is the site of the earliest known significant question therefore becomes whether Shh has
molecular asymmetries, one can ask whether these an endogenous role in establishing L-R asymmetry in
asymmetries in gene expression are intrinsically estab- the chick or whether its ability to induce nodal reflects
lished within the cells of the node, or are a consequence an activity that is not biologically significant with respect
of L-R information tansmitted from adjacent tissue. Psy- to endogenous L-R differences.
choyos and Stern (1996) showed that removing the node Not only is it an open questionwhether nodal isendog-
at stage 4, before gastrulating cells migrate anteriorly enously induced through a Shh-dependent mechanism,
to form the head process, results in complete regenera- but a recent study has challenged the view that any
tion of the node by cells surrounding the excision. These asymmetric signal could be responsible for actively in-
node-ablated embryos fully recover and undergo devel- ducing left-sided nodal in the LPM. Lohr et al. (1997)
opment with no gross abnormalities. Moreover, the L-R showed that explanting the left and right LPM from Xen-
opus embryos at stage 15 (before Xnr-1 is expressed)
results in both the left and right explants expressing*To whom correspondence should be addressed.
Cell
26
Figure 1. In Situ Hybridization Showing the Temporal Expression Pattern of Shh and Ptc in Embryos from Stages 4 to 7
(A) Shh is expressed at low levels and is uniformly distributed around Hensen's node and the emerging head process until early stage 5. It
then becomes expressed at high levels and in an asymmetric fashion on the left side of Hensen's node from stage 5 until stage 7.
(B) Ptc is uniformly distributed at low levels around the node area until stage 51, when it becomes strongly expressed and localized to the
the tissue directly adjacent to the head process (red arrows) as well as to a left-sided domain (blue arrows) lateral to the node. This asymmetry
persists until at least stage 7.
Xnr-1. From this, the authors infer that the left-sided positional information might be established at the node,
we performed a careful analysis of the expression pat-expression of nodal must be due to a factor emitted by
the embryo's midline that suppresses nodal expression tern of the L-R asymmetric marker Shh from stages 4
to 7 (Figure 1A). Shh is weakly expressed without L-Ron the right. If this were also the case in the chick,
and if Shh does indeed play an endogenous role in the bias both in the node and in the emerging head process
until the embryo reaches stage 5. At the beginning ofpathway activating chick nodal expression, then Shh
would have to act by repressing a bilaterally symmetrical stage 5, when the head process is present but short,
Shh is still symmetric in the node. It then becomes asym-repressor of nodal in order to produce the left-sided
expression of nodal in the left LPM. metric midway through stage 5, with the asymmetric
expression becoming significantly stronger at stage 51In this study, we address the establishment and trans-
fer of L-R positional information that leads to left-sided and continuing through stages 6 and 7.
nodal expression in the chick embryo. We find that the To address whether this asymmetry in gene expres-
node at stage 4 is not fixed in its L-R identity. Instead, sion at Hensen's node is established autonomously
the peripheral tissue instructs its L-R orientation, sug- within the node or whether it depends upon instruction
gesting that embryonic bilateral asymmetry is first bro- from surrounding tissue, we took advantage of the find-
ken in another location from which it is transmitted to ing by Abercrombie (1950) that the node can be rotated
the node. However, establishing L-R information in the 1808 along its anterior-posterior (A-P) axis and, after
node appears to be critical. Our evidence demonstrates healing, gastrulation will continue and a normal embryo
that it is necessary for subsequently instructing the L-R will result. We rotated the node at stage 4 prior to the
identity of the LPM. Moreover, using a blocking antibody onset of asymmetric expression, and analyzed the em-
that prevents endogenous hedgehog signaling we find bryos for expression of Shh at stage 7. Although this
that, at least in the chick, asymmetric expression of Shh procedure will transpose cells between the left and right
in the node is necessary for nodal induction in the LPM. sides of the node, we reasoned that Shh expression
However, our results also suggest that this induction of would nonetheless be induced on the left side if it were
nodal is likely to be indirect via a secondary signal in- regulated by lateral signals (Figure 2A). Alternatively, if
duced in tissue directly adjacent to the node. These asymmetric gene expression was autonomous to the
experiments allow us to define a time-line of transfer of cells of the node, then Shh expression would be acti-
L-R positional information during early chick embryo- vated on the right side of the midline (Figure 2B). Our
genesis. results suggest that Shh expression is regulated by sig-
nals from the adjacent tissue, since node rotations at
Results stage 4 (Figure 3A) resulted in normal, left-sided Shh in
the node (Figure 3B, n 5 10). However, once asymmetric
positional information is established at the node, it noL-R Information Is Transmitted from Peripheral
Cells to the Node and from the longer appears to be influenced by lateral L-R informa-
tion. When we performed node rotations at stage 5 (Fig-Node to the LPM
The earliest known molecular asymmetry in the chick is ure 3C), at the time when Shh becomes asymmetric, the
normal pattern of expression was not restored (Figurein Hensen's node. To get an indication of when L-R
Transfer of Left-Right Positional Information
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Figure 2. Rationale for the Node Rotation Experiments
If the L-R identity of the node (represented by pink dots) is transmit-
ted to it by peripheral tissue, then rotating the node 1808 along its
A-P axis before this information is fixed should result in a normal,
left-sided pattern of Shh expression (A). However, if L-R orientation
is intrinsic to the cells of the node, then rotating it should invert its
L-R information, resulting in a right-sided pattern of Shh (B or C). If
the asymmetric information in the node directs further induction of
asymmetric markers such as nodal, then three scenarios are possi-
ble. If the L-R information in the node is correctly restored by the
peripheral tissue after rotation, this would result in a correct, left-
sided expression of nodal in the left LPM (A). However, if L-R infor-
mation follows the new orientation of the node, then nodal should Figure 3. L-R Information Is Instructed to the Node by Peripheral
be induced on the right side exclusively (B). Alternatively, if the node Cells
behaves according to its new orientation but the LPM cells have
When nodes are rotated at stage 4, prior to any sign of a head
already ªseenº the asymmetric signals, or the peripheral tissue is process and before the asymmetric manifestation of Shh in the node
partly able to respecify the information within the node, a bilateral (A), we obtained embryos with left-sided expression of Shh ([B], red
pattern of nodal would result (C). arrow). When we performed rotations at stage 5 (note darker head
process starting to form just anterior to the node), at a time in
which Shh is already expressed asymmetrically in the node (C), we
observed that the left-sided pattern of Shh was not restored and3D, n 5 10). Instead, the expression was discontinuous
was mainly right sided ([D], blue arrow). Following rotation of thebetween the notochord and the node and remained right
anterior half of the streak up to, but not including, the node at stagesided (blue arrow).
4 ([E], red arrow points to the node), Shh expression is left sided
These results suggest that the cells in the experimen- (F). Cells on the left side of the node that have been labeled with
tal stage 4 node are given L-R information after rotation. DiI do not return to the left side of the embryo following rotation.
However, formally, an alternative possibility could be Instead, they remain in the right side of the embryo (G), while Shh
expression is established correctly on the left (H). Cells labeledthat the cells of the stage 4 node are committed to their
lateral or posterior to the stage 4 node still migrate correctly throughL-R fates and are stimulated to undergo a rapid L-R
it following rotation as visualized by DiI staining at stage 7 ([G] andspatial reorganization in response to being out of posi-
[K], respectively) and spatially correlate with cells expressing Shh
tion following rotation. To eliminate this possibility, we in the left side of these nodes (J and L).
labeled cells within the left side of the node with DiI just
prior to rotation. By stage 7 the DiI label is seen anterior
to the node in the notochord and head process as well to the node within the primitive streak. We find that cells
from both lateral (Figure 3I) as well as posterior (Figureas the node itself, but it remains exclusively on the right
side (Figure 3G). Hybridization of the same embryos 3K) locations migrate into the node and are present in
the region expressing Shh at stage 7 (Figures 3J andverifies that asymmetric Shh expression is on the left
side of the rotated node (Figure 3H). Hence, there is no 3L) as well as anterior to the node. Thus, the surgical
rotation at stage 4 does not disrupt the normal gatrula-reassortment and the cells of the node are not commit-
ted to L-R-specific gene expression at stage 4. tion patterns at the node. However, in addition to these
transitory cells migrating through the node, we also ob-In principle, L-R information could be conveyed to
cells in the node either by intercellular signaling from served cells remaining in the node throughout this time
frame (Figure 2F), consistent with the previous findingadjacent tissues or by cell migration into the node. To
test whether cells residing outside the node at the time that there is a resident population of stem cells within
the node (Psychoyos and Stern, 1996). Thus, we cannotof rotation migrate into the node following surgery, we
used DiI to label cells on the left side either within the eliminate either the possibility of cell migration or signal-
ing for the transfer of L-R information.ectoderm 100 mm lateral to the stage 4 node or posterior
Cell
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Since cellmigration as well as potential signaling origi-
nates both lateral and posterior to the node, we exam-
ined which of these regions might be responsible for
providing L-R information to the node. To test whether
cells of the primitive streak convey L-R information to
the node, the anterior half of the streak up to but not
including the node (Figure 3G) was rotated 1808 at stage
4. Although the cells of the primitive streak were L-R
reversed, such embryos developed with normal L-R
gene expression (Figure 3H, n 5 7), suggesting that
L-R patterning of the node is not dependent on L-R
information in the streak. While, unfortunately, equiva-
lent experiments reversing the tissue to the left and right
of the node were not technically feasible, the streak
rotations are most consistent with the left-right informa-
tion originating lateral to the node.
The finding that L-R positional information resides
in tissue lateral to the node prior to asymmetric Shh
expression raises the possibility that this perinodal tis-
sue might also be responsible for signaling L-R informa-
tion to the LPM, rather than the positional information
coming from the node itself. To address this possibility,
we repeated the node rotation experiments and assesed
nodal expression at stage 9. If the node asymmetries
are not responsible for imparting L-R information to the
LPM, then nodal should be expressed in the left side in
all operated embryos regardless of their stage. If, on
the other hand, signals from the node are indeed respon-
sible for determining the side on which nodal is ex-
pressed in the LPM, then the expression of asymmetric
genes in the node should be predictive of subsequent
nodal expression (Figure 2). At a time when the L-R
identity of the node is not fixed, ourexperiments showed
that signals from adjacent tissues instruct its L-R orien-
tation at stage 4 after rotation, which would lead to
embryos with left-sided nodal (Figure 2A). However, at
Figure 4. L-R Information in the Node Determines the Side on whicha time after the L-R identity of the node has been estab-
nodal Will Be Inducedlished at stage 5, rotation leads to the node behaving
(A) Results of isochronic node rotation experiments. After rotatingaccording to its new orientation. Thus, embryos with
nodes at stage 4, the majority of the embryos (92%) exhibited nor-only right-sided nodal would be obtained (Figure 2B).
mal, left-sided expression of nodal. In sharp contrast, rotations at
Alternatively, either because the cells in the future left stage 5 resulted in bilateral or right-sided nodal in most of the
LPM have already ªseenº the L-R signals or because embryos (91%).
(B) Results of heterochronic node rotations. When we took nodesthe left peripheral tissue is partly able to reinstruct the
from stage 5 donors and transplanted them into stage 4 hosts, therotated node, a bilateral expression pattern of nodal
majority of the embryos had left-sided nodal or bilateral nodal thatcould result after node rotation at stage 5 (Figure 2C).
was stronger on the left side. In the converse experiment, takingWhen we rotated the node at stage 4 and then per-
nodes from stage 4 donors and transplanting them into stage 5
formed in situ hybridization for nodal at stages 8±9, the hosts, we observed that the great majority of the embryos had no
majority of the embryos (92%, n 5 12) exhibited a nor- expression of nodal (only one embryo exhibited a bilateral pattern
of nodal expression).mal, left-sided pattern of nodal expression (Figures 4A
and 5). Thus, rotating the node at stage 4 had no adverse
effect on the L-R patterning of the LPM. In sharp con- once positional information is established at the node,
trast, when the rotations were performed at stage 5, the node is then responsible for determining the L-R
only 9% of the embryos (n 5 11) exhibited left-sided asymmetry in the LPM; at both stages examined, the
nodal expression. The remaining embryos had either a side on which nodal is expressed follows that on which
bilateral pattern of nodal expression or were completely Shh is expressed.
right sided (Figures 4A and 5). Among the embryos with Taken together, our node rotation experiments evi-
bilateral nodal, almost half had a pattern where the sig- dence a change between stages 4 and 5 in the way that
nal was stronger on the right side. The observation of the node behaves when rotated and in the effect that
nodal expression in the right LPM in almost all of these this rotation has on the embryo's L-R pattern. Correct
embryos suggests that the rotated stage 5 node be- L-R orientation is reestablished in nodes rotated at stage
haves according to its new orientation, further indicating 4, while nodes rotated at stage 5 retain their L-R posi-
that its L-R information was already fixed at the time of tional identity. These experiments, however, cannot de-
termine whether it is the peripheral tissue that hassurgery. Moreover, these data strongly suggest that,
Transfer of Left-Right Positional Information
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Figure 5. Stage at which Node Rotations Are
Carried Out Determines Whether nodal Is In-
duced in Lateral Tissue
n 5 12 for rotations performed at stage 4, n 5
11 for rotations performed at stage 5, n 5 4
for heterochronic explants of stage 5 nodes
into stage 4 hosts, and n 5 6 for hetero-
chronic explants of stage 4 nodes into stage
5 hosts.
changed in its ability to instruct the node or whether the positional information. To be consistent with our surgical
results, Shh would not only have to be asymmetricallynode is no longer able to respond to signals from the
periphery when the surgeries are executed at stage 5. expressed at stage 5 but would also have to signal to
lateral tissue at this stage. To examine this, we analyzedTo address this, we performed heterochronic trans-
plants of nodes from stage 4 embryos that were rotated the expression pattern of Patched (Ptc), the receptor
for Shh (Marigo et al., 1996a; Stone et al., 1996) and ain stage 5 hosts and vice versa. The results of these
experiments are shown inFigures 4B and 5. Whennodes universal marker for hedgehog signaling (Goodrich et
al., 1996; Marigo et al., 1996b) (Figure 1B). Prior to stagefrom stage 5 embryos were transplanted into stage 4
hosts, the majority of the embryos either had left-sided 51, Ptc is expressed at low levels uniformly around
the node and its periphery, reflecting the low level ofnodal expression or bilateral nodal expression with
stronger expression on the left. Thus, the stage 5 node expression of Shh throughout the early node. As Shh
begins to exhibit strong asymmetric expression at stagecan still be influenced by the signals from the periphery
of the stage 4 environment. Since similarly staged nodes 51, Ptc also becomes asymmetric on the left side of
the embryo just lateral to the node. Ptc is also localizeddo not regulate when rotated in situ in a stage 5 environ-
ment, this indicates that the influence from the periph- lateral to the midline where Shh is expressed in the
notochord, as has been previously described (Marigoeral tissue declines by stage 5.
In the reciprocal experiment, stage 4 nodes trans- and Tabin, 1996). Since high levels of Ptc demarcate
regions of ongoing Shh signaling, this indicates that theplanted into stage 5 hosts resulted in all embryos except
one (n 5 6) showing no nodal expression. We interpret L-R asymmetric activity of Shh becomes significant at
stages 5±51.these results to mean that the stage 4 node does not
carry L-R information. Since the peripheral signals are The ability to induce nodal with ectopic Shh and the
timing and location of endogenous Shh signaling are allweak or absent by stage 5, no asymmetric information
is ever established in these nodes, and, hence, they consistent with it playing a role in controllingasymmetric
nodal expression in the chick. However, the lack ofcannot provide the asymmetric signal to induce expres-
sion of downstream nodal. The results further imply that asymmetric expression of Shh in the mouse (Collignon
et al., 1996) and the lack of laterality defects in the Shhat stage 5 the future LPM is not committed to its L-R
identity: in the presence of a node that lacks L-R infor- mutant mouse (Chiang et al., 1996) raise doubts about
this presumption. To directly address whether endoge-mation, nodal is not induced in the left LPM.
nous asymmetric signaling by Shh is required for nodal
expression in the LPM, we made use of a blocking anti-Shh Is Necessary to Induce Asymmetric
Gene Expression in the Chick LPM body that has been previously demonstrated to prevent
Shh signaling in vivo and in vitro (Ericson et al., 1996).Our isochronic and heterochronic node rotation experi-
ments reveal a transfer of information from the periph- We soaked beads in the blocking monoclonal antibody
against Shh and placed them on the left side of the nodeeral tissue (stage 4) to the node (stage 5). Only after
stage 5 does the L-R orientation of the node determine at stage 5. This is the time that we had established as
being critical for nodal regulation by Hensen's node andthe side on which nodal is induced. Stage 5 is also the
stage when Shh is first expressed asymmetrically. Since the time at which asymmetric Shh signaling is first seen.
A second set of embryos was implanted in parallel withectopic Shh placed on the right side of Hensen's node
is capable of inducing ectopic nodal in the right LPM beads soaked in a similar concentration of a control
monoclonal antibody. We then performed in situ hybrid-(Levin et al., 1995), we reasoned that endogenous Shh
might be more than a molecular marker for node asym- ization with thenodal probe, keeping treated and control
embryos together in the same vial to maintain equivalentmetry; it could, in fact, be the critical asymmetric deter-
minant within the node in transmitting downstream L-R hybridization conditions (Figures 6A and 6B). Our results
Cell
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of embryos in which nodal expression was repressed
represented instances where enough of the monoclonal
antibody remained in the tissue around the node to block
signaling once asymmetric gene expression was ini-
tiated.
We also analyzed similarly treated embryos for the
expression of cSnR, another gene that is asymmetrically
expressed in the LPM (Figures 6C and 6D). cSnR was
recently described as being involved inL-R axis determi-
nation in the chick (Isaac et al., 1997). It is initially bilater-
ally symmetric at stage 5 and then down-regulated in
the left LPM. Isaac et al. (1997) provide evidence that
this is likely due to the emerging expression of nodal.
At stage 8, when the asymmetry is most pronounced,
cSnR is only expressed in the right LPM, although the
gene continues to be strongly expressed in the somites
on both sides of the embryo. In situ hybridization for
the cSnR probe showed that embryos treated with the
blocking antibody, which therefore presumably lacked
nodal expression, exhibited bilaterally symmetric cSnR
(Figure 6D). In contrast, control embryos showed the
expected asymmetry of cSnR in the LPM. These results
support previous suggestions that nodal down-regu-
lates the expression of cSnR in the left LPM and further
strengthens the view that Shh signaling is essential for
subsequent gene interactions that lead to the establish-
ment of the L-R differences in the LPM.
To verify that the blocking antibody was indeed pre-
venting endogenous asymmetric Shh signaling in these
experiments, we treated a parallel set of embryos with
anti-Shh at stage 5 and analyzed them at stages 6±7 for
the expression of Ptc (Figures 6E and 6F). None of the
embryos (n 5 4) treated with anti-Shh showed the asym-
metric expression of Ptc next to the left side of the node
(green arrowhead), while all control embryos (n 5 4)
exhibited the normal expression pattern. Interestingly,
the treatment also resulted in a shift of Ptc expression
from the periphery of the notochord to the midline of
the embryo (Figures 6E and 6F, red arrows). It has been
previously shown that Ptc is expressed at high levels
within the notochord when it first forms, in response toFigure 6. Shh Is Necessary for nodal Induction in the LPM
the high levels of Shh protein produced there (MarigoWe implanted beads soaked in anti-Shh antibody or a control anti-
body into stage 5 embryos and analyzed the expression of several and Tabin, 1996). Subsequently, however, Ptc is down-
L-R asymmetric genes. When we performed in situ hybridizations regulated within the midline itself, most likely as a conse-
with the nodal probe (A and B), 100% of the embryos treated with quence of continued strong stimulation of the Shh path-
the anti-Shh antibody lacked any nodal expression. In agreement
way, and is concurrently induced in the adjacent tissueswith the notion that nodal inhibits expression of cSnR in the LPM,
in response to the spread of Shh signaling. Neitherembryos in which the anti-Shh antibody had been applied exhibited
down-regulation of Ptc within the notochord nor up-bilaterally symmertical expression of this gene (C and D). Analysis
of Ptc expression (E and F) showed complete absence of the left- regulation in adjacent tissue occurs in the presence of
sided asymmetric domain of Ptc that is lateral to the node (green the antibody, confirming that the antibody is a very pow-
arrows) as well as a shift from the peripheral expression at the head erful blocker of Shh signaling in vivo.
process/notochord into the midline of the embryo (red arrows).
Taken together, our results show that Shh signaling
is necessary to induce nodal in the left LPM and demon-
showed that 100% (n 5 12) of the embryos treated with strate that Shh has an endogenous role in the establish-
anti-Shh exhibited no expression of nodal. In contrast, ment of L-R asymmetry in the chick embryo.
all except one of the control embryos (n 5 7) showed
the normal robust, left-sided expression pattern of this A Relay of L-R Positional Information
gene (the one control embryo that showed an aberrant from the Node to the LPM
pattern had bilateral nodal). This effect was also stage Our data demonstrate that Shh expression in the node
specific, since experiments using embryos at stage 4 is necessary for the induction of nodal in the LPM. How-
resulted in a lower (30%, n 5 30) number of embryos ever, examination of Ptc expression, which is believed
lacking nodal, while all control embryos (n 5 16) showed to be a very sensitive marker for cells actively re-
sponding to hedgehog signals (Goodrich et al., 1996;left-sided nodal (data not shown). Presumably, the 30%
Transfer of Left-Right Positional Information
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Figure 7. Shh Induces nodal in the LPM via
a Secondary Signal
Left and right LPM was explanted in the ab-
sence and presence of paraxial and midline
tissue.After incubation for 8 hr, nodal expres-
sion in the explants was analyzed by RT±
PCR. When explants were performed at stage
5, nodal was only induced if the explants were
performed including the paraxial and midline
tissues. When beads soaked in Shh were
coincubated with right LPM in the presence
of the paraxial and midline tissues or just par-
axial tissue, nodal was induced in the LPM
explants. When the beads were incubated
with right LPM alone, nodal was never in-
duced. At stage 6 the left LPM expressed
nodal both in the absence and the presence
of the paraxial and midline tissues.
Marigo et al., 1996b), indicates that Shh only directly Shh with LPM explants alone, nodal was never induced.
However, when we coincubated Shh-soaked beads withacts over a fairly short distance in cells adjacent to the
node (Figure 1B), even as late as stage 7 when nodal explants of right-side LPM together with paraxial tissue,
but in the absence of the midline, nodal was induced.expression becomes detectable. When nodal is first in-
duced, it is activated in a small mesodermal domain We interpret these results to mean that Shh can only
induce nodal in the LPM via a secondary signal whosecontiguous with the epiblast cells expressing Shh in the
node (Levin et al., 1995). This small domain correlates activity likely resides within the cells in the paraxial tis-
sue immediately adjacent to the midline.well with the area of cells expressing Ptc. However,
nodal expression in the LPM is discontinuous both spa- While the identity of this secondary signal is currently
unknown, we addressed the timing of its action by re-tially and temporally from the Ptc/nodaldomain adjacent
to the node. We therefore wanted to address whether peating these experiments at later stages of embryogen-
esis. When we performed explants at stage 6 (Figure 7),Shh is capable of directly inducing nodal in the LPM.
We explanted left and right LPM in the absence and nodal was correctly induced in the left LPM, even in the
absence of paraxial tissue and midline. This is after thepresence of the paraxial tissue and midline at stage 5,
since our heterochronic node rotation experiments had stage when Shh first signals to the perinodal mesoderm
at stage 51 (as assesed by the induction of the down-determined this to be the time when the node was com-
mitted to left-sided Shh expression but LPM was not stream target Ptc), but before the asymmetric expres-
sion of nodal is evident in the LPM at stage 7. Theseyet committed to nodal expression. In preparing the
explants, care was taken to ensure that the LPM was results suggest that stage 6 may be the time when the
LPM becomes committed to its L-R fate via the influencefree of both the midline itself and paraxial tissue. After
incubation for 8 hr in vitro, nodal expression was ana- of secondary signals downstream of Shh.
lyzed by RT±PCR (Figure 7).
Explanting left and right LPM at stage 5 leads to no Discussion
induction of nodal if done in the absence of paraxial
tissue and midline influences. However, when LPM from We have used a variety of experimental manipulations
to elucidate aspects of early L-R asymmetric signalingsame-stage embryos was explanted along with the mid-
line and paraxial tissue, nodal was correctly induced on in the chick embryo. Our results allow us to formulate a
model for the interactions between the peripheral tissue,the left. These results agree with our findings from the
node reversals, suggesting that, at stage 5, the LPM is the node, and the LPM during transmission of L-R infor-
mation (Figure 8). In a stage 4 embryo, the node carriesnot yet committed to its L-R fate. These findings contrast
with those of Lohr et al. (1997), who showed that in no fixed L-R identity. The uniform distribution of low
level Shh expression at this stage is in agreement withsimilar lateral explants of Xenopus embryos, nodal is
activated in both left and right LPM in the absence of this interpretation. Induction of Shh on the left as well as
inhibition of Shh on the right is initiated by the peripheralthe midline. Thus, chick and Xenopus may differ in this
aspect of L-R asymmetry generation. tissue at this time (red arrows and lines). Thus, if the
node is rotated at stage 4, the peripheral tissue is ableWe next asked whether Shh is capable of inducing
nodal direclty in the LPM. When a bead soaked in Shh to impart the correct L-R information to it (Figure 8B).
The transmission of L-R information could involve inter-protein was coincubated with right-sided tissue in the
presence of the midline and paraxial tissue, nodal was cellular signaling from paraxial tissue or be conveyed
by lateral cell migration into the node. The emergingsubsequently induced in the right-side LPM. This is con-
sistent with previous data that beads soaked in Shh asymmetry of Shh in the node reflects its acquisition
of L-R identity, as its cells continue to express Shhcan induce right-sided nodal expression when placed
adjacent to the node in intact embryos (Levin et al., according to their original orientation when the node is
rotated at stage 5. After this time, the influence of the1995). Strikingly, when we coincubated beads soaked in
Cell
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Figure 8. Model for the Transmission of L-R
Information between the Peripheral Tissue,
the Node, and the LPM during Development
(A) In a developing embryo, the stage 4 node
carries no L-R information. The peripheral tis-
sue provides L-R information to the node ei-
ther by inductive signals or by cell migration
(red arrows) such that at stage 5 the expres-
sion of Shh (magenta dots) is strongly in-
duced on the left and inhibited from the right.
As the node gains L-R information, the pe-
ripheral tissue loses its influence on the node
(represented by the decreasing size of the
arrows), while the node in turn acquires the
ability to signal back to the lateral tissue
(green arrows). At stage 6, the embryo is com-
mitted to express nodal in the left LPM via
the induction of a secondary signal product
on the left (green dots) in the area lateral to
the node. This leads to the subsequent (stage
8) robust, left-sided expression of nodal in
the LPM (blue dots).
(B) When the node is rotated at stage 4, the
peripheral tissue is able to reinstruct it to the
correct L-R orientation, leading to left-sided
Shh expression and subsequent left-sided
nodal in the LPM.
(C) When the node is rotated at early stage
5, the peripheral tissue is still partly able to
reinstruct the node, but some cells have al-
ready comitted to express Shh in what is now
the right side of the node, leading to embryos
with bilateral patterns of nodal expression.
(D) If the node is rotated at stage 51, the weak influence from the periphery is not sufficient to reinstruct the node, and the inverted L-R
information within the nodes results in right-sided nodal expression.
peripheral tissue is waning; hence, in many cases, em- Initiation of Embryonic Asymmetry
bryos exhibit bilateral nodal that is stronger on the right. Our data reinforce the importance of the node in estab-
Following node rotations at stage 51±6, the peripheral lishing L-R asymmetry in the chick embryo. Several
tissue is no longer able to influence the L-R patterning other studies have also suggested that the node/orga-
of the node (Figure 8D), resulting in embryos with only nizer region plays a crucial role in the establishment
right-sided expression of nodal. Similarly evidencing the of L-R differences. In Xenopus, Nascone and Mercola
absence of influence from the periphery at later stages, (1997) showed that L-R asymmetry is locally oriented
heterochronic transplants of stage 4 nodes into the late when a secondary organizer is induced by Wnt signaling
stage 5 environment resulted in no nodal induction. molecules. Similarly, the localized expression of left-
At the same time as the peripheral influence on the right dynein (lrd) transcripts in the mouse node is consis-
node starts to fade at stage 5, the node starts to signal tent with this structure playing an important role in the
back to the adjacent mesoderm. Shortly after Shh ex- establishment of the L-R axis (Supp et al., 1997). How-
pression is induced within the left side of the node, we ever, our data demonstrate that L-R positional informa-
observe strong expression of the target gene Ptc in the tion does not arise de novo within the node; rather, it
adjacent tissue. Some secondary signaling mechanism is instructed from adjacent tissue. This suggests the
is required to induce nodal, as both the distance to the possibility that there is a distinct ªorganizerº of L-R infor-
LPM and the confinement of the Ptc expression domain mation independent of the node, which plays an anala-
to paraxial tissue argue against a direct action of Shh. gous function to the role of the node in establishing the
Moreover, application of Shh protein to LPM explants A-P axis. Evidence for such an L-R organizer has been
demonstrate that Shh is not capable of inducing nodal obtained by an independent series of experiments with
direclty in the LPM. By stage 6, the LPM is committed Xenopus embryos (Hyatt and Yost, 1998 [this issue of
to its L-R fate, as explants of LPM alone at this stage Cell]).
go on to express nodal in a normal manner without
further midline influence. The hypothesized secondary
Shh and the Asymmetric Genes in the Nodesignal must be capable of being transmitted over a long
In response to signals from adjacent tissue, asymmetricdistance: not only does it have to extend the width of
expression of Shh is induced within Hensen's node. Wethe medio-lateral axis, but it also has to induce nodal
show here that Shh is responsible for endogenouslythroughout the A-P extent of the embryo. Nodal, a TGFb
inducing the downstream asymmetric gene nodal in thefamily member, could have in principle participated in
chick. Although previous experiments had shown thatsuch an induction in an autocatalytic manner. However,
Shh has the ability toectopically induce nodal, the ques-it has been previously shown that nodal cannot induce
endogenous nodal expression in the LPM (Levin, 1996). tion remained whether this reflected a true biological
Transfer of Left-Right Positional Information
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function. In addition to the chick experiments, ectopic Shh expression in the chick), arguing for a difference
between chick and Xenopus in their response to hedge-induction of nodal had been correlated with ectopic
Shh expression in the mouse xt mutant (C. C. Hui, per- hog signaling.
sonal communication), and ectopic induction of Xnr-1
by Shh was recently described in Xenopus (Sampath et
Experimental Proceduresal., 1997). However, neither mouse nor Xenopus show
asymmetric distribution of Shh in the node/organizer Embryo Culture and Surgical Manipulations
(Ekker et al., 1995; Collignon et al., 1996). Moreover, the Chick embryos (Spafas) were incubated at 388C for around 20±24
mouse carrying a targeted mutation in Shh shows no hr until they reached stages 5 to 6 (Hamburger and Hamilton, 1951).
Embryos were then explanted into Pannet-Compton Saline (Pannetsitus defects (Chiang et al., 1996). This raised the possi-
and Compton, 1924) and placed into glass ring preparations ac-bility that, in the chick, the effect of ectopic Shh upon
cording to the procedure of New (1955). For node rotations, embryosnodal might not reflect an endogenous activity.
were observed under the dissecting microscope and as much fluid
Our results provide the first evidence of hedgehog as possible was suctioned from their surface with the help of a
signaling being necessary for the expression of nodal capillary needle. A sharpened tungsted needle was used to cut a
and for the establishment of the L-R axis. It is possible square around the node, which was then rotated 1808 along the A-P
axis. Fluid that had started to acummulate around the embryo wasthat other vertebrates utilize different hedgehog family
removed, and embryos wereplaced at room temperature in a humid-members during L-R axis formation. Interestingly, injec-
ified chamber for at least 3 hr (to improve healing) before returningtion of RNAs encoding the active N-terminal portion
to 388C. For the heterechronic explants, the donor embryo was
of the Banded hedgehog (Bhh) and Shh proteins had placed under the microscope and Pannet-Compton saline was
different effects on the L-R axis of Xenopus embryos slowly dropped on top until the embryo was completely submerged.
(Sampath et al., 1997). While Bhh produced abnormal A square was cut around the node, and a pipetman was used to
gently aspirate the node into a 20 ml pipette tip, after which theXnr-1 patterns in 23% of the embryos, Shh did so in
donor embryo was discarded. The host embryo was positionedonly 11% of the cases. The effect of Shh, in fact, fell at
under the microscope, and the donor node was released on top ofthe boundary of statistical significance. Perhaps a so-
it. While floating in the drop of saline, the node was easily manipu-
far unidentified member of the hedgehog family plays lated to an orientation with its ventral side up and its A-P axis
an equivalent role in the mouse and frog to Shh in the reversed with respect to the host embryo (both D-V and A-P differ-
chick L-R asymmetry pathway. Alternatively, it should ences in the shape of the node are clear upon close microscopic
examination). Once the node lay oriented in the desired mannerbe noted that, as in the chick, a small patch of nodal
next to the midline of the host embryo, the accumulated fluid wasexpression is found adjacent to the node in mouse and
suctioned and a square of similar size was cut around the node offrog embryos. However, unlike the chick, in these other
the host. When loose from the tissue of the host, its node was
two species the small domain of nodal is initiated in a aspirated away, leaving a hole where the donor's node was posi-
bilaterally symmetric pattern. Thus, direct regulation of tioned. Again, embryos were allowed to heal at room temperature
nodal expression by Shh may indeed be conserved in before placing them at 388C. Only those embryos that had healed
perfectly (i.e., no holes were detected) were utilized for further analy-the various species studied, although, unlike the chick,
sis. A total of 316 embryos were operated on, from which 73 healedthis perinodal Shh-dependent expression of nodal may
well and thus were used for further analysis.have no relationship to the asymmetric LPM expression.
Embryos used for LPM explants were prepared in essentially the
same manner as above until placed in the rings. The embryos were
then overlayed with Chick Embryo Medium (CEM: DMEM a-modifi-
Commitment of the LPM to Express nodal cation [GIBCO], 10% fetal bovine serum, 2% chick embryo extract
We have explanted left and right LPM from embryos at [GIBCO], 1% L-Glutamine, and 1% Pen/Strep) and placed under
the microscope. Explants were cut out of the embryo with a tungstenstages 5 and 6 and shown that LPM from stage 5 em-
needle, transplanted to Nucleopore filters (1.0 mm; Costar) that werebryos is not yet committed to express nodal. nodal is
floating in the culture medium, and incubated at 378C with 5% CO2.never induced when the explants are performed in the
Whenever indicated, beads soaked in Shh protein (270 mg/ml of the
absence of paraxial and midline tissue, but it is correctly active N-terminal fragment of human Shh [Roelink et al., 1995])
expressed in the left LPM when these tissues are in- produced in bacteria (provided by Ontogeny) were coincubated with
cluded in the explant. A similar result, also in the chick, the explants. A group of unoperated embryos of the same stage
was always kept in parallel and grown in New culture until theyhas been independently obtained by Levin and Mercola
reached stage 8, at which time the explants were harvested.(personal communication). This contrasts with the re-
sults obtained in Xenopus, where both left and right LPM
expressed Xnr-1 after being explanted in the absence DiI Labeling
To follow cell migration after node rotations, small groups of cellsof the midline. This discrepancy most likely reflects a
were labeled with DiI (1,1'-dioctadecyl 3,3,39,39-tetramethyl indocar-difference in the L-R pathway between the two species.
bocyanine perchlorate; Molecular Probes) applied as a 0.025% solu-Lohr et al. (1997) suggest that a factor from the midline
tion in 0.3 M sucrose/10% ethanol as described in Psychoyos andrepresses nodal in the right LPM such that it is ex-
Stern, 1996. Briefly, embryos were prepared as described above,
pressed exclusively on the left. Thus, contrary to the and a small bolus of DiI solution was injected by air pressure through
chick, Xnr-1 asymmetry seems to be generated through a glass needle either in the ectoderm within 100 mm lateral to the
node, in the primitive streak within 100 mm posterior to the node,a repression mechanism. The recent demonstration that
or in the left side of the node itself. Node rotations were then per-hedgehog proteins (Shh and Bhh) can induce nodal in
formed and the embryos allowed to heal. Prior to returning theXenopus is therefore puzzling and would argue that at
embryos to the incubator, they were visualized under fluorescenceleast some aspects of the L-R pathway are conserved.
illumination to ensure that the labeling was accurately done. Em-
Interestingly, the L-R perturbations caused by Shh and bryos were harvested when they reached stage 7 and fixed in 4%
Bhh included right-sided Xnr-1 as well as no Xnr-1 (in paraformaldehyde overnight. After three washes in DEPC-treated
PBS, they were mounted on depression slides, visualized underaddition to bilateral Xnr-1, as is the case with ectopic
Cell
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fluorescence illumination, and photographed. Embryos were then Moon, R.T., and Beachy, P.A. (1995). Distinct expression and shared
activities of members of the hedgehog gene family of Xenopusdehydrated in methanol and processed for in situ hybridization.
laevis. Development 121, 2337±2347.
In Situ Hybridization Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M.
Embryos were fixed in 4% paraformaldehyde and processed essen- (1996). Two critical periods of Sonic hedgehog signaling required
tially as described in Levin et al. (1995). The Shh and nodal probes for the specification of motor neuron identity. Cell 87, 661±673.
were prepared as described in Levin et al. (1995), and the cSnR Goodrich, L.V., Johnson, R.L., Milenkovic, L., McMahon, J.A., and
probe was made as described in Isaac et al. (1997). Scott, M.P. (1996). Conservation of the hedgehog/Patched signaling
pathway from flies to mice: induction of a mouse Patched gene by
Photographs Hedgehog. Genes Dev. 10, 301±312.
Embryos were photographed using a Sony DKC-500 Digital Photo Hamburger, V., and Hamilton, H.L. (1951). A series of normal stages
Camera, and images were processed with Adobe Photoshop. For in the development of the chick embryo. J. Exp. Morph. 88, 49±92.
ease of presentation, pictures of embryos that were photographed Heymer, J., Kuehn, M., and RuÈ ther,U. (1997). The expression pattern
ventral side up (and were thus in a mirror-image L-R orientation of nodal and Lefty in the mouse mutant Ft suggests a function in
with respect to the viewer) have been inverted horizontally such the establishmant of handedness. Mech. Dev. 66, 5±11.
that their left side now corresponds to that of the reader.
Hyatt, B.A., and Yost, H.J. (1998). The left-right coordinator: the role
of Vg1 in organizing left-right axis formation. Cell 93, bxs.
Anti-Shh Bead Implants
Isaac, A., Sargent, M.G.,and Cooke, J. (1997). Control of vertebrateEmbryos were processed for New (1955) culture as described above
left-right asymmetry by a Snail-related zinc finger gene. Scienceand placed ventral side up in the bed of albumin. Liquid was removed
275, 1301±1304.from the surface of the embryo with help of a capillary needle, and
King, T., and Brown, N.A. (1997). Embryonic asymmetry: Left TGFbgentle suction was additionally applied to the area near the left side
at the right time? Curr. Biol. 7, R212-R215.of the node in order to separate the cell layers and create a small
wound. This was found to be critical in previous experiments using Levin, M. (1996). The molecular basis of Left-Right asymmetry in
embryonic development. PhD thesis, Harvard University, Cam-beads soaked in Shh, probably because it exposes the ectoderm
bridge, Massachusetts.(where Shh is asymmetricly expressed in the node) to the substance
in the beads. Beads that had been soaked either in anti-Shh mono- Levin, M. (1997). Left-right asymmetry in vertebrate embryogenesis.
clonal antibody 5E1 (1 mg/ml; a generous gift from Tom Jessell) or, Bioessays 19, 287±296.
as a control, anti-Flag monoclonal antibody (3.4 mg/ml; Eastman Levin,M., Johnson, R.L., Stern,C.D., Kuehn, M., andTabin, C. (1995).
Kodak) were then placed to the left side of the node. Embryos were A molecular pathway determining left-right asymmetry in chick em-
incubated at 388C in a humid chamber and harvested when stage bryogenesis. Cell 82, 803±814.
8 was reached.
Levin, M., Pagan, S., Roberts, D.J., Cooke, J., Kuehn, M.R., and
Tabin, C.J. (1997). Left-right patterning signals and the independent
RT±PCR regulation of different aspects of situs in the chick embryo. Dev.
RT±PCR was essentially performed as described inSchultheiss et al. Bio. 189, 57±67.
(1995). Briefly, after lysis in solution D (25 g guanidinium thiocyanate,
Lohr, J.L., Danos, M.C., and Yost, J.H. (1997). Left-right asymmetry29.3 ml water, 1.76 ml 0.75 M sodium citrate [pH 7], 2.64 ml 10%
of a nodal-related gene is regulated by dorsoanterior midline struc-
sarcosyl, 38 ml b-mercaptoethanol), RNA was extracted from the
tures during Xenopus development. Development 124, 1467±1472.
explants; this was followed by a DNAse treatment. Reverse tran-
Lowe, L.A., Supp, D.M., Sampath, K., Yokoyama, T., Wright, C.V.,scription was performed with M-MLV RT (GIBCO) for 1 hr at 428C.
Potter, S.S., Overbeek, P., and Kuehn, M.R. (1996). Conserved left-Conditions for the PCR and sequence of primers were as described
right asymmetry of nodal expression and alterations in murine situsin Schulteiss et al. (1995) for GAPDH. The primers for nodal were
inversus. Nature 381, 158±161.59-CTCTTCCTGGGCACCGTG-39 and 59-CATCATGTCCACCCTCCT-39.
Marigo, V., and Tabin, C.J. (1996). Regulation of Patched by SonicThe PCR conditions for nodal were as described in Scultheiss et
hedgehog in the developing neural tube. Proc. Natl. Acad. Sci. USAal. (1995) with 30 amplification cycles at 548C annealing temperature.
93, 9346±9351.A band of the expected size (405 bp) was produced. Restriction
Marigo, V., Davey, R.A., Zuo, Y., Cunningham, J.M., and Tabin, C.J.digests of this band with two different restriction enzymes, PstI
(1996a). Biochemical evidence that Patched is the Hedgehog recep-and SacI, yielded bands of the predicted size, confirming that the
tor. Nature 384, 176±179.amplification product was derived from nodal mRNA (data not
shown). Marigo, V., Scoot, M.P., Johnson, R.L., Goodrich, L.V., and Tabin,
C.J. (1996b). Conservation in hedgehog signaling: induction of a
chicken Patched homolog by Sonic hedgehog in the developingAcknowledgments
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